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Cell proliferationIn the Drosophila eye the retinal determination (RD) network controls both tissue speciﬁcation and cell
proliferation. Mutations in network members result in severe reductions in the size of the eye primordium
and the transformation of the eye ﬁeld into head cuticle. The zinc-ﬁnger transcription factor Teashirt (Tsh)
plays a role in promoting cell proliferation in the anterior most portions of the eye ﬁeld as well as in inducing
ectopic eye formation in forced expression assays. Tiptop (Tio) is a recently discovered paralog of Tsh. It is
distributed in an identical pattern to Tsh within the retina and can also promote ectopic eye development.
In a previous study we demonstrated that Tio can induce ectopic eye formation in a broader range of cell
populations than Tsh and is also a more potent inducer of cell proliferation. Here we have focused on
understanding the molecular and biochemical basis that underlies these differences. The two paralogs
are structurally similar but differ in one signiﬁcant aspect: Tsh contains three zinc ﬁnger motifs while
Tio has four such domains. We used a series of deletion and chimeric proteins to identify the zinc ﬁnger
domains that are selectively used for either promoting cell proliferation or inducing eye formation. Our
results indicate that for both proteins the second zinc ﬁnger is essential to the proper functioning of the
protein while the remaining zinc ﬁnger domains appear to contribute but are not absolutely required.
Interestingly, these domains antagonize each other to balance the overall activity of the protein. This appears
to be a novel internal mechanism for regulating the activity of a transcription factor. We also demonstrate that
both Tsh and Tio bind to C-terminal Binding Protein (CtBP) and that this interaction is important for promoting
both cell proliferation and eye development. And ﬁnally we report that the physical interaction that has been
described for Tsh and Homothorax (Hth) do not occur through the zinc ﬁnger domains.
© 2011 Elsevier Inc. All rights reserved.Introduction
The developing compound eye of Drosophila is an excellent system
to study how the rates of cell proliferation and tissue speciﬁcation
are balanced. These two processes are controlled, in part, by the activity
of a group of genes that is collectively referred to as the retinal
determination (RD) network.
The genes that comprise this network include the Pax genes eyeless
(ey), twin of eyeless (toy), eyegone (eyg) and twin of eyegone (toe)
(Aldaz et al., 2003; Czerny et al., 1999; Jang et al., 2003; Quiring et
al., 1994), the Six family homologs sine oculis (so) and optix (Cheyette
et al., 1994; Seimiya and Gehring, 2000; Serikaku and O'Tousa, 1994),
the protein tyrosine phosphatase eyes absent (eya) (Bonini et al.,
1993), a homolog of the Ski/Sno proto-oncogene dachshund (dac)
(Mardon et al., 1994), the Nl kinase nemo (nmo) (Braid and Verheyen,
2008; Choi and Benzer, 1994), the Meis homolog homothorax (hth)
(Gonzales-Crespo et al., 1998; Pai et al., 1997; Pichaud and Casares,rights reserved.2000; Rauskolb et al., 1995), the pipsqueak transcription factors distal
antenna (dan) and distal antenna related (danr) (Curtiss et al., 2007) as
well as the zinc ﬁnger transcription factors teashirt (tsh) and tiptop
(tio) (Bessa et al., 2009; Datta et al., 2009; Laugier et al., 2005; Pan
and Rubin, 1998). Mutationswithinmany of these genes lead to drastic,
if not complete, reductions in the developing eye primordium. The
number of cells in the eye ﬁeld is dramatically lowered and any
surviving cells adopt a head cuticle fate (Bonini et al., 1993; Cheyette
et al., 1994; Jang et al., 2003; Mardon et al., 1994; Quiring et al.,
1994). Nearly all of the genes that belong to the RD network are
also capable of redirecting the fate of non-retinal tissues towards
an eye in forced expression assays (Bessa et al., 2009; Bonini et al.,
1997; Braid and Verheyen, 2008; Curtiss et al., 2007; Czerny et al.,
1999; Datta et al., 2009; Halder et al., 1995; Pan and Rubin, 1998;
Seimiya and Gehring, 2000; Shen and Mardon, 1997; Weasner et
al., 2007). Thus this network is a key regulatory of both tissue spec-
iﬁcation and cell proliferation.
tsh was ﬁrst identiﬁed in a screen of enhancer traps that reported
expression of genes crucial for embryogenesis (Fasano et al., 1991).
Upon activation by several Hox and pair-rule genes (Core et al.,
1997; Mathies et al., 1994; McCormick et al., 1995), Tsh, in turn,
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and to establish trunk identities (Andrew et al., 1994; Coifﬁer et al.,
2008; Roder et al., 1992). Subsequently, tsh has been shown to play
roles in several additional tissues including the embryonic salivary
glands (Henderson et al., 1999), larval legs (Erkner et al., 1999;
2002; Wu and Cohen, 2000) and wings at both larval and adult stages
(Soanes et al., 2001; Sun et al., 1995; Wu and Cohen, 2000). The ﬁrst
insight into a role for tsh in eye development came from a screen of
P[lacZ] lines that showed a non-uniform pattern of w+ expression in
the adult retina (Sun et al., 1995). tsh is expressed and regulates
both patterning and proliferation ahead of the morphogenetic furrow.
A trimeric complex containing Tsh, Ey andHomothorax (Hth) represses
eye development, via transcriptional repression of several retinal
determination genes including so, eya and dac in the most anterior
portions of the eye disc (Bessa et al., 2002). This allows for the
continued proliferation of retinal progenitor cells, which is mediated
by another trimeric complex containing Tsh, Hth and Yorki (Yki), a
downstream target of the Hippo tumor suppressor pathway (Lopes
and Casares, 2009; Peng et al., 2009). It is not yet known if repression
of RD genes or the promotion of cell proliferation requires Tsh to
directly interact with DNA. These activities occur in context speciﬁc
situations as patterning defects due to the loss of tsh are only
observed in the dorsal half of the retinawhile tshdependent proliferation
defects predominant within the ventral half (Singh et al., 2002). One
potential explanation for the region speciﬁc phenotypes is that the
loss of tsh may be masked by the activity of additional factors.
A prime candidate is the tio gene, which is a paralog of tsh and is
expressed in an identical pattern to tsh in the retina (Bessa et al.,
2009; Datta et al., 2009; Laugier et al., 2005). In support of both
genes being redundant to each other, complete loss-of-function tio
mutants are homozygous viable with no discernable effects on the
structure of the eye, a phenotype very similar to certain tsh mutant
clones (Laugier et al., 2005; Pan and Rubin, 1998; Singh et al., 2002).
This apparent redundancy is based on amutual repressionmechanism
in which loss of either gene leads to increased and compensatory
expression of the other factor (Bessa et al., 2009; Laugier et al.,
2005). Indeed, more pronounced defects are observed when tsh
levels are knocked down in a tio null mutant background (Peng et al.,
2009). It is not clear, however, if this repression is direct or though
intermediate factors. Despite this redundancy, forced expression assays
using several hundred GAL4 lines revealed differences between the two
paralogs. These assays indicated that tio is a more proﬁcient inducer of
ectopic eyes and can stimulate higher levels of cell proliferation than
tsh (Datta et al., 2009). Clues to what underlies the differences in
activitiesmay be grounded in the presence of an extra zincﬁngerwithin
Tio (Laugier et al., 2005) and/or in potential amino acid differences
within homologous zinc ﬁnger domains (Datta et al., 2011). Tsh has
been shown to bind to DNA and at least one direct target, modulo
(mod), has been identiﬁed (Alexandre et al., 1996). To date, direct
targets of Tio have not been identiﬁed and it is not clear if the binding
of Tsh to DNA is due to the zinc ﬁnger motifs or if it is dependent
upon co-factors.
Here we report the results of a molecular dissection of the tsh and
tio paralogous genes. We have made a series of deletion constructs in
which individual zinc ﬁngers have been removed. Additionally, we
generated a chimeric protein in which the unique zinc ﬁnger domain
within Tio was added to Tsh. These deletion and chimeric proteins
were assayed for their ability to induce ectopic eye formation and
cell proliferation in forced expression assays. We demonstrate here
that these two activities are absolutely dependent upon the presence
of the second zinc ﬁnger. Interestingly, the ﬁrst zinc ﬁnger contributes
to both eye formation and cell proliferation while the third zinc ﬁnger
functions to suppress both activities. This balancing of activities
within a single transcription factor may represent a novel mechanism
for regulating transcription. Our results also indicate that, contrary to
our a priori expectations, the unique fourth zinc ﬁnger in Tio is notsolely responsible for the differences between the Tsh and Tio.
We go on to show that the zinc ﬁngers do not mediate the physical
interactions that have been reported for Tsh and Hth. However,
Tsh and Tio dependent patterning and proliferation in the retina
require interactions with C-terminal Binding Protein (CtBP), a
transcriptional co-repressor. Finally, we demonstrate that a Tsh/Tio
ortholog from the ﬂour beetle, Tribolium castaneum, is capable for
inducing ectopic eyes in Drosophila. This result suggests that the
molecular and biochemical mechanisms by which Tsh and Tio regulate
eye formation are evolutionarily conserved.
Materials and methods
Fly strains
We used the following 19 ﬂy stocks: (1) dpp-GAL4; (2) yweyFLP;
FRT82B Ubi-GFP; (3) hsFLP22; act5C>y+>GAL4, UAS-GFP; (4) FRT82B
CtBPS7De-10; (5) UAS-CtBP; (6) yw M[vas-int.Dm]ZH-2A; PBac[y+-attP-
3B]VK00033; (7) UAS-Tsh FL; (8) UAS-TshΔZn1; (9) UAS-TshΔZn2;
(10) UAS-TshΔZn3; (11) UAS-TshΔPLDLS; (12) UAS-Tio FL; (13) UAS-
TioΔZn1; (14) UAS-TioΔZn2; (15) UAS-TioΔZn3; (16) UAS-TioΔZn4;
(17) UAS-TioΔPLDLS; (18) UAS-Tsh/Tio Zn4; (19) UAS-Tc Tsh/Tio (Tri-
bolium). All UAS-tsh and UAS-tio variants were generated using the
phiC31 integration system (Bischof and Basler, 2008; Bischof et al.,
2007; Venken et al., 2006).
Deletion and chimeric molecules
The full-length Tsh protein is 954 amino acids in length and can be
divided into seven segments: the N-terminal (NT), zinc ﬁnger 1 (Zn1),
ﬁrst linker segment (L1), zinc ﬁnger 2 (Zn2), second linker segment
(L2), zinc ﬁnger 3 (Zn3) and the C-terminal tail (CT). The NT segment
contains residues 1–355, Zn1 contains residues 356–378; L1 contains
residues 379–467, Zn2 contains residues 468–490, L2 contains residues
491–534, Zn3 contains residues 535–557 and the CT segment contains
residues 558–954. The PLDLS domain is located within the NT segment
and consists of residues 188–192. The Zn1 deletion (TshΔZn1) contains
amino acids 1–355 fused to residues 379–954, the Zn2 deletion
(TshΔZn2) contains amino acids 1–467 fused to residues 491–954, the
Zn3 deletion (TshΔZn3) contains amino acids 1–534 fused to residues
558–954, the CtBP binding site deletion (TshΔPLDLS) contains amino
acids 1–187 fused to residues 193–954.
The full-length Tio protein is 1025 amino acids in length and can be
divided into nine segments: the N-terminal (NT), zinc ﬁnger 1 (Zn1),
ﬁrst linker segment (L1), zinc ﬁnger 2 (Zn2), second linker segment
(L2), zinc ﬁnger 3 (Zn3), third linker segment (L3), zinc ﬁnger 4
(Zn4) and the C-terminal tail (CT). The NT segment contains residues
1–318, Zn1 contains residues 319–341; L1 contains residues 342–427,
Zn2 contains residues 428–450, L2 contains residues 451–500, Zn3
contains residues 501–523, L3 contains residues 524–927, Zn4 contains
residues 928–949 and the CT segment contains residues 950–1025. The
PLDLS domain is locatedwithin theNT segment and consists of residues
187–191. The Zn1deletion (TioΔZn1) contains amino acids 1–318 fused
to residues 342–1025, the Zn2 deletion (TioΔZn2) contains amino acids
1–427 fused to 451–1025, the Zn3 deletion (TioΔZn3) contains amino
acids 1–500 fused to residues 524–1025, the Zn4 deletion (TioΔZn4)
contains amino acids 1–927 fused to residues 950–1025). The CtBP
binding site deletion (TioΔPLDLS) contains amino acids 1–186 fused
to residues 192–1025. The Tsh/Tio Zn4 chimera contains amino acids
1–954 of Tsh fused to residues 928–1025 of Tio.
Clonal analysis
CtBP loss-of-function clones were generated using the directed
mosaic approach with yweyFLP; FRT82B CtBPS7De-10/FRT82B Ubi-GFP
ﬂies. Over-expressing clones of either tsh or tio variants were generated
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or hsFLP22; act5C>y+>GAL4, UAS-GFP, UAS-tio variant for 30 min at
34 °C between 60 and 84 h after embryos were deposited.
Immunostaining and antibodies
Imaginal discs were dissected from developing larvae and were
ﬁxed in 4% paraformaldehyde in PBS for 45 min at room temp. Tissues
were blocked in a solution containing 10% goat serum and 0.1% Triton,
incubated with primary antibodies at room temperature overnight,
washed in PBS+0.1% Triton, incubated with Cy5, TRITC or FITC
conjugated secondary antibodies (Jackson Immunoresearch) for 2–4 h
at room temp, washed in PBS+0.1% Triton andmounted in Vectashield
(Vector). Images were taken with a Zeiss Axioplan II ﬂuorescent
microscope with Apotome using Axiovision 4.6 software. Adult ﬂies
with ectopic eyes were frozen at −80 °C for 20 min and images were
taken with a Zeiss Discovery light microscope and MRc color camera.
Primary antibodies used were rat anti-Elav (1:100, DSHB), mouse
anti-Dac (1:5, DSHB), mouse anti-Eya (1:5, DSHB), rabbit anti-Tsh
(1:3000, Stephen Cohen), guinea pig anti-CtBP (1:500, Yutaka
Nibu); rabbit anti-PH3 (1:1000, Abcam). All secondary antibodies
used in this study were obtained from Jackson Laboratories and are
donkey anti-mouse TRITC (1:20), donkey anti-rat FITC (1:20), donkey
anti-rat Cy5 (1:20), goat anti-rat FITC (1:20), goat anti-rat TRITC (1:20),
goat anti-rabbit TRITC (1:20) goat anti-rabbit FITC (1:20). F-actin was
visualized by TRITC conjugated phalloidin.
Quantiﬁcations: ectopic eye size and frequency, cell proliferation
All UAS-GAL4 crosses were carried out at 25 °C. dpp-GAL4 females
were crossed to either UAS-tsh variant or UAS-tio variant males and
were allowed to lay eggs for 45 min. Individual eggs were placed in
microcentrifuge tubes containing ﬂy media and allowed to age for
96 h. This eliminates variations in cell proliferation and apoptosis that
are due to differences in population densities. Larvae of the appropriate
genotype were then dissected and eye-antennal discs prepared as
described above. Ectopic eyes were identiﬁed using rat anti-Elav
while dividing cells were marked with rabbit anti-PH3. The size of the
ectopic eye and the zones of increased proliferation were calculated
using NIH ImageJ software. Each disc was quantiﬁed three times
(technical replicates) with 30 biological replicates for each genotype.
Ectopic eye frequencies were also calculated for pupae and adult ﬂies. p
valueswere calculated for cell proliferation/tissue growthquantiﬁcations.
Yeast 2-hybrid screen
The ProQuest Yeast 2-Hybrid System (Invitrogen) was used to
identify proteins that physically associate with Tsh and Tio. A library
of cDNAs from Drosophila third instar larvae was cloned into the
pDEST-22 vector, which contains the GAL4 activation domain (prey
plasmid). Full-length tsh and tio cDNAs were cloned into the pDEST-
32 vector, which contains theGAL4DNAbinding domain (bait plasmid).
Yeast MaV203 cells were transformed with the prey library and each
bait plasmid. Interactions between prey proteins and either Tsh or Tio
were identiﬁed by the activation of three reporters (UAS-lacZ, UAS-
HIS3 and UAS-URA3). Plasmids from positive clones were isolated and
sequenced.
Immunoprecipitation
Kc167 cells were transfected with combinations of the following 15
plasmids (0.4 μg each): (1) mt-GAL4; (2) UAS-tsh FL-MYC; (3) UAS-tsh
ΔZn1-MYC; (4) UAS-tsh ΔZn2-MYC; (5) UAS-tsh ΔZn3-MYC; (6) UAS-
tsh ΔPLDLS-MYC; (7) UAS-tio FL-MYC; (8) UAS-tio ΔZn1-MYC; (9)
UAS-tio ΔZn2-MYC; 10) UAS-tio ΔZN3-MYC; (11) UAS-tio ΔZn4-MYC;
(12) UAS-tio ΔPLDLS-MYC; (14) UAS-CtBP-HA; (15) UAS-Hth-HA byusing Qiagen Effectene Transfection Reagent and induced after 24 h
with 1 mMCuSO4. For immunoprecipitation studies nucleiwere isolated
and nuclear proteins isolated using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo)with protease inhibitors. After conducting
a pre-clear step (to eliminate non-speciﬁc interactions) with protein G
agarose beads the supernatant was incubated with 5 μl of either
anti-HA or anti-MYC antibodies at 4 °C for overnight followed by an
additional 3 h incubation at 4 °C with protein G agarose beads. The
samples were spun and washed three times in RIPA buffer+25%
acetonitrile, boiled in SDS loading buffer+β-mercaptoethanol and
resolved on 10% SDS-PAGE gels. All proteins were visualized on
immunoblots using mouse anti-HA (Santa Cruz) and mouse anti-MYC
(Santa Cruz) primary antibodies, goat anti-mouse HRP secondary
antibodies (Jackson Immunoresearch) and the SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientiﬁc). Blots were
processed and imaged using a Chemi-Doc XRS+from BioRad.
Conﬁrmation of genomic integration of UAS lines
Genomic integration all UAS-tsh variant and UAS-tio variant
constructs were conﬁrmed using PCR of genomic DNA from a single
ﬂy of each transformant line. Two fragments of 134 and approximately
450 bp are observed in the yw M[vas-int.Dm]ZH-2A; PBac[y+-attP-3B]
VK00033 stock. Successful integration yields PCR fragments of 227 and
454 bp.
Conﬁrmation of protein production
All tsh and tio variant cDNAs were cloned into a modiﬁed Gateway
expression vector containing an in-frame HA epitope tag. S2 cells
were transfected with 0.4 μg plasmids containing mt-GAL4 and either
UAS-tsh variant-V5 or UAS-tio variant-V5 by using Qiagen Effectene
Transfection Reagent and induced after 24 h with 1 mM CuSO4. 3 ml
of cells were pelleted and then resuspended and lysed in lysis buffer.
The lysate was boiled in SDS loading buffer+β-mercaptoethanol and
resolved on 10% SDS-PAGE gels. All proteins were visualized on
immunoblots using mouse anti-V5 (Santa Cruz) and mouse anti-Actin
primary antibodies, goat anti-mouseHRP secondary antibodies (Jackson
Immunoresearch) and the SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientiﬁc).
Results
We, as well as others, have previously shown that in forced
expression assays both Tsh and Tio are capable of inducing ectopic eye
formation and in promoting tissue proliferation (Bessa et al., 2009;
Datta et al., 2009; Pan and Rubin, 1998; Singh et al., 2002). Interestingly,
despite the functional redundancy that exists between the two
paralogs, Tio appears to be a more potent inducer of eye formation and
tissue growth (Bessa et al., 2009; Datta et al., 2009). These differences
could be due to the presence of a unique zinc ﬁnger motif in Tio or due
to amino acid sequence differences between the homologous zinc ﬁnger
domains (Datta et al., 2011; Laugier et al., 2005). In this paper we set out
to determine the relative contributions that each zincﬁngermakes to the
overall function of both proteins and in the process determine if the
differences between Tsh and Tio are attributable to either distinctions
amongst the homologous zinc ﬁngers or to the unique zinc ﬁnger that is
found only in Tio. We also set out to establish if any of the zinc ﬁnger
domains mediate the formation of the Tsh–Hth complex (Peng et al.,
2009). And ﬁnally we ascertained if physical interactions with
C-terminal Binding Protein, a known transcriptional co-repressor (Nibu
et al., 1998a, 1998b), which have been documented for Tsh (Saller et
al., 2002) and predicted for Tio (Laugier et al., 2005) are necessary
promoting eye development and tissue growth.
In order to answer these questions we generated several reagents
for a molecular dissection study. The ﬁrst set of reagents includes a
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or the CtBP binding site (PLDLS) have been deleted (Fig. 1A). We also
generated a chimeric protein in which the unique zinc ﬁnger domain
within Tio was fused to the full-length Tsh protein (Fig. 1A). And ﬁnally
we have generated a construct in which the single Tsh/Tio ortholog
from the ﬂour beetle, Tribaolium castaneum can be expressed in ﬂies
(Fig. 1A). Each of these constructs was placed under UAS control and
using the phiC31 recombination system integrated into the same
location within the genome to control for expression levels and thus
allowing for comparisons across genotypes. All insertions events were
conﬁrmed using PCR (Fig. 1B; see Materials and methods). An epitope
tagged version of each construct was transfected into S2 cells in order
to document that each protein can be generated and is stable
(Fig. 1C). Note that of all the constructs the only one that we could
not detect is the Tribolium Tsh/Tio protein (Fig. 1C). It is possible that
the Tribolium Tsh/Tio protein is itself unstable in S2 cells or that the
addition of the epitope tag renders it unstable. We do however observe
that its expression in the antenna induces ectopic eyes and higher levels
of cell proliferation (see below).
Antagonistic activity of Tsh and Tio Zn ﬁngers balance ectopic eye formation
Forced expression of either Tsh or Tio in the dpp expression domain
induces ectopic eyes in just the antennal disc (Fig. 2A–C; Datta et al.,Fig. 1. Schematic of Tsh and Tio constructs, genomic integration and protein conﬁrmation. (A
study. The location of the PLDLS and Zn domains are found at the top of the panel. (B) PCR
that for each construct the expected bands of 227 and 454 bp are obtained. (C) A western b
stable proteins for all constructs except for Tribolium Tsh/Tio.2009) at frequencies of 92% and 98% respectively (Fig. 2D,E). We then
assayed the effects of removing each zinc ﬁnger on these frequencies
in larval discs. For both proteins the ﬁrst zinc ﬁnger contributes to but
is not absolutely required for the formation of ectopic eyes as expres-
sion of TshΔZn1 and TioΔZn1 induces ectopic eyes at 43% and 86%
(Fig. 2D,E). In contrast, we ﬁnd that the second zinc ﬁnger is absolutely
required for ectopic eye formation as expression of TshΔZn2 and
TioΔZn2 supports ectopic eyes in only 1% and 4% of ﬂies (Fig. 2D,E).
The putative requirement for this particular zinc ﬁnger in both proteins
is further supported by the fact that of the three homologous zinc ﬁnger
pairs Zn2 is the most closely related in Tsh and Tio (Datta et al., 2011).
The fact that we can detect stable TshΔZn2 and TioΔZn2 proteins in
S2 cells (Fig. 1C) suggests that the proteins are also likely to be stable
in the antennal disc. Surprisingly, expression of variants in which the
third zinc ﬁnger has been deleted (TshΔZn3, TioΔZn3) lead to a statisti-
cally signiﬁcant increase in ectopic eye frequencies that approaches
100% for both proteins (Fig. 2D,E). We interpret this to mean that Zn3
plays an inhibitory role and thus counteracts that activity of both Zn1
and Zn2 (Fig. 8A).
Deletion of the unique fourth zinc ﬁnger (TioΔZn4) decreases the
frequency of ectopic eye formation to 22% (Fig. 2E) suggesting that it,
like Zn1, contributes to but is not required for the formation of ectopic
eyes (Fig. 8A). Previously, we had shown the while tio can induce
ectopic eyes when driven with a set of eight GAL4 drivers, tsh can) A schematic diagram of all Tsh and Tio constructs that were generated and used in this
analysis to conﬁrm the proper location of each construct after phiC31 integration. Note
lot showing expression of each construct in S2 cells. Note that we were able to detect
Fig. 2. Frequencies of ectopic eyes induced by Tsh and Tio variants. (A) A confocal image of a third instar disc containing an ectopic eye within the antenna. Anterior is to the right.
(B,C) Light microscope images of adult ﬂies containing ectopic eyes (arrows). (D,E) Graphs documenting the frequencies of ectopic eye formation induced by each Tsh and Tio
variant.
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expression domains (Datta et al., 2009). In terms of topological
range of GAL4 driver expression patterns, expression of TioΔZn4 is
still capable of inducing ectopic eyes with all eight GAL4 drivers
that were previously reported for Tio and not with just the smaller
subset that was reported with Tsh (data not shown). We next deter-
mined if Zn4 on its own was capable of increasing the frequency
and topological range of ectopic eyes generated by Tsh. To do this
we expressed within the antennal disc a chimeric protein in which
Zn4 of Tio was fused to the full-length Tsh protein (Tsh/Tio Zn4).
This chimeric protein induced ectopic eyes in 100% of larvae
(Fig. 2D) further suggesting that Zn4 plays an instructive role in
promoting eye development. Expression of Tsh/Tio Zn4was, however,
only capable of supporting eye development when expressed within
the smaller and more limited set of GAL4 drivers that were previously
reported for full-length Tsh (data not shown). Based on the totality of
these results we can order the zinc ﬁnger domains in terms of their
importance for promoting eye formation. For Tsh it appears that the
relationship Zn2>Zn1 applies while for Tio the relationship is
Zn2>Zn4>Zn1. In both cases Zn3 functions as a counterbalance to
the other zinc ﬁnger domains (Fig. 8A).
The ﬂour beetle, Tribolium castaneum, contains a single Tsh/Tio like
gene (Shippy et al., 2008). Since its protein structure is more similar to
that of Drosophila Tio we, a priori, expected that expression of
Tribolium Tsh/Tio in the ﬂy antenna would induce ectopic eyes
at a rate comparable to either Tsh or Tio. However, we obtained
frequencies of only 25%, which is signiﬁcantly lower than that of
either Drosophila ortholog. We conclude that although the frequency of
ectopic eye formation for Tribolium Tsh/Tio is lower than that of the
Drosophila orthologs, the fact that ectopic eyes can be induced at all is
supportive of a model in which both Tsh/Tio mediated protein–protein
and protein–DNA interactions have been conserved between these two
species despite nearly 300 million years of evolutionary separation.
Functional conservation amongst Tsh/Tio family members likelyextends to mammalian systems as expression of at least one mouse
Tsh gene (mTsh3)within the dpp domain induces ectopic eye formation
in the antenna.
Activities of Tsh and Tio Zinc ﬁngers regulate ectopic eye size
Tsh is known to play a role in maintaining a pool of dividing
progenitor cells within the normal retina (Lopes and Casares,
2009; Peng et al., 2009; Singh et al., 2002). In a previous report
we had noted that the ectopic eyes induced by expression of
both Tsh and Tio were accompanied by an over-proliferation of
the antennal disc (Datta et al., 2009). The size of the ectopic eyes
that were induced by tio expression is substantially larger than
those generated by tsh. During the course of this study we observed
that the removal of individual zinc ﬁngers not only affects the
frequency at which ectopic eyes were generated but the deletions
also affect the amount of tissue overgrowth and the ﬁnal size of the
adult ectopic retinas. Using our ectopic eye assay and our zinc ﬁnger
deletion set we attempted to determine the contribution that each
zinc ﬁnger makes to Tsh dependent cell proliferation. We also
attempted to determine if the differences in Tsh and Tio induced
overgrowth are attributable to one or more of the zinc ﬁnger
domains. In order to accomplish this we stained dpp-GAL4/UAS-tsh
and dpp-GAL4/UAS-tio full-length and variant(s) eye-antennal
discs with an antibody that detects the pan-neuronal protein Elav
and then used NIH ImageJ software to measure the area within the
antennal disc that is occupied by the newly induced retina
(Fig. 3A–E).
Our measurements here support our initial observations that the
ectopic eyes induced by Tio are larger than those that are induced
by Tsh (Fig. 3A,B,E; p=3.68E−07). Removal of Zn1 and Zn3 from
Tsh leads, surprisingly, to an increase in the size of the ectopic eyes
(Fig. 3C,E; TshΔZn1 p=0.002, TshΔZn3 p=1.50619E−07). In contrast,
we do not observe any statistically signiﬁcant differences in the size of
Fig. 3. Contribution of Each Zn ﬁnger to ectopic eye size. (A–D) Confocal images of third instar eye discs. Genotypes of each disc are at the bottom right of each panel. Visualized
molecules are listed at the top right of each panel. Anterior is to the right. (E) Graph documenting the size ectopic eyes that are induced by each Tsh and Tio variant. Measurements
were taken with ImageJ software.
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zinc ﬁngers from Tio (Fig. 3E; TioΔZn1 p=0.872, TioΔZn3 p=0.109).
The presence of Zn2 is not only required to induce retinal development
(Fig. 2D,E), but its removal from either Tsh or Tio expectedly also leads
to a severe reduction in the size of the eyes that are produced (Fig. 3D,E
red bars; TshΔZn2 p=5.62E−06, TioΔZn2 p=7.42E−10). This result
suggests that both Tsh and Tio require Zn2 to promote cell proliferation
and tissue speciﬁcation. Interestingly, while Zn4 of Tio contributes sig-
niﬁcantly to the frequency of ectopic eyes (Fig. 2E) its removal has no
effect on the size of the ectopic retina (Fig. 3E; TioΔZn4 p=0.21;
Fig. 3E). However, its addition to Tsh leads to a rather dramatic increase
in the size of the retina when compared to the effects of Tsh alone
(Fig. 3E; Tsh/Tio Zn4 p=6.97518E−06). From these results we con-
clude that all three zinc ﬁngers of Tsh contribute to the determination
of ﬁnal organ size with activity of individual zinc ﬁngers counter balan-
cing each other (Fig. 8B). In contrast, all functional activity related to Tio
dependent cell proliferation is embedded just within Zn2 (Fig. 8B). It is
unclear why, on the one hand, removal of Zn4 from Tio has no effect ontissue sizewhile, on the other hand, its addition to Tsh has an amplifying
effect.
We extended this assay to Tribolium Tsh/Tio in order to determine
if the role in cell proliferation has ancient origins. As its structure is
more similar withDrosophila Tshwe expected that its ability to induce
tissue growthwouldmimic that ofDrosophila Tio. However, the size of
the ectopic eyes that are induced by Tribolium Tsh/Tio are signiﬁcantly
smaller than those induced by Tio (Fig. 3E; p=0.019) and are not
signiﬁcantly different than those induced by Tsh (Fig. 3E; p=0.084).
This result suggests that while Tribolium Tsh/Tio does not induce
ectopic eyes to the frequency of either Tsh or Tio, its role in regulating
the size of the retina is more similar to Tsh than Tio.
Restrictions on the induction of tissue growth by Tsh and Tio
The ability of either Tsh or Tio to induce ectopic eyes is restricted
to certain subpopulations of the antennal disc (Bessa et al., 2009;
Datta et al., 2009; Pan and Rubin, 1998). We were interested in
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liferation is similarly restricted within the antennal disc. We generated
over-expression Tsh FL or Tio FL clones randomly throughout the
eye-antennal disc and assayed for the presence or absence of tissue
overgrowths. To make a quantitative measurement of tissue growth
we counted the number of PH3 positive cells (which are in M phase of
the cell cycle) within the clone and then normalized these counts to
eliminate differences in clone size. In contrast to neutral GFP clones,
which do not induce cell proliferation (data not shown), we observed
tissue overgrowths for both Tsh FL and Tio FL. While Tio is capable
of inducing proliferation throughout the entire disc (Fig. 4B, Table 1),
tissue overgrowth caused by Tsh expression was limited to the ventral
compartment (Fig. 4A, Table 1). Compartment speciﬁc effects are
observed in the eye disc when Tsh is either lost through mutation
or over-expressed (Singh et al., 2002; 2004).
One potential explanation for the compartment speciﬁc effects in
both the eye and the antenna is that Tsh may physically interact
with factors that have restricted distribution patterns. As zinc ﬁngers
can mediate protein–protein interactions we set out to determine if
any of the zinc ﬁngers of Tsh and Tio contribute to the location of
tissue outgrowth production and would thus serve as candidates for
mediating tissue speciﬁc interactions between Tsh/Tio and potential
cofactors. Removal of Zn1 from either Tsh or Tio did not alter the loca-
tion of ectopic eye formation (Fig. 4C,D; Table 1) although the size of
the outgrowths induced by Tio ΔZ1 is signiﬁcantly smaller than that
Tio FL (Table 1). Consistent with the absolute requirement of Zn2 for
inducing ectopic eyes, expression of either TshΔZn2 or TioΔZn2 failed
to induce cell proliferation within either the eye or antennal disc
(Fig. 4E,F; Table 1). Zn3 of Tsh appears to be important for limiting
the ability of Tsh to promote cell proliferation as expression of
TshΔZn3 is now capable of inducing tissue overgrowth in the dorsal
compartment a phenotype that we do not observe with Tsh FL
(Fig. 4A,G arrow; Table 1). On the other hand, removal of Zn3 from
Tio does not have any discernable effect on the location of induced
cell proliferation (Fig. 4H, Table 1). The effects of Zn4 on tissue over-
growth are very similar to that seen with ectopic eye size. Just asFig. 4. Location of tissue outgrowths induced by Tsh and Tio variants. (A–K) Confocal image
Visualized molecules are listed at the bottom left of panel A. Anterior is to the right. Dotted
ectopic tissue growths. Blue indicates location of ectopic tissue growth that is induced by bo
that is induced speciﬁcally by the Tio full-length molecule. Green indicates location that boexpression of TioΔZn4 does not signiﬁcantly inﬂuence the size of
the ectopic retina, there is no effect on the location of induced cell
proliferation (Fig. 4I, Table 1). We observe that expression of Tsh/
Tio Zn4 is also not sufﬁcient to induce tissue overgrowths in the
dorsal compartment (Fig. 4J, Table 1). Expression of Tribolium Tsh/Tio
induces cell proliferation to a similar extent that we see for Tio both in
terms of size of the tissue outgrowth and in location throughout the an-
tennal disc (Fig. 4K, Table 1). This contrasts to the effects we see on
the initiation of eye development in which Tribolium Tsh/Tio induces
ectopic eyes at a frequency that is signiﬁcantly lower than that of
either Tsh or Tio (Fig. 2D,E). These results might suggest that
roles of Tsh and Tio in promoting tissue growth are quite ancient
and were present prior to the Tribolium/Drosophila split.
Tsh and Tio interactions with Hth are not mediated by the zinc ﬁnger
domains
Tsh is contained within at least two biochemical complexes that
are required to promote cell proliferation. The ﬁrst complex, which
contains Tsh, Hth and Ey, functions to repress eye development by
shutting off transcription of the so, eya and dac genes in the most
anterior portions of the eye disc (Bessa et al., 2002). This allows
for a second complex, which contains Tsh, Hth and Yki, to promote
proliferation of retinal cell precursor cells (Peng et al., 2009). Since
several of our deletion constructs, particularly those that remove
Zn2, are unable to promote cell proliferation we set out to determine
if the interactions between Tsh and Hth are mediated by any of
the individual zinc ﬁngers. We also were interested in determining
if Tio can form a complex with Hth and if any of its zinc ﬁnger
domains are functional relevant to this interaction. A plasmid containing
a full-length Hth clone was co-transfected into Kc167 cells along with
plasmids containing either full-length or zinc ﬁnger deletion versions
of Tsh and Tio. We isolated nuclear protein fractions and immunopreci-
pitated complexes containing Hth. These complexes were then probed
for the presence of the full-length and zinc ﬁnger deletions of either
Tsh or Tio. As expected Tsh FL and Tio FL biochemically interact withs of third instar eye discs. Genotypes of each disc are at the bottom right of each panel.
lines indicate examples of tissue outgrowths. (L) A summary diagram of the location of
th Tsh and Tio full-length molecules. Yellow indicates location of ectopic tissue growth
th Tsh and Tio induce cell proliferation and ectopic eye formation.
Table 1
Location of tissue proliferation, quantiﬁcation and conﬁdence values.
Construct Dorsal location Dorsal quantiﬁcation PH3/unit area Dorsal conﬁdence Ventral location Ventral quantiﬁcation Ventral conﬁdence
Tsh FL (−) 0.000956629 p=0.0003* (+) 0.003479516 p=0.0156*
Tsh ΔZn1 (−) 0.001383797 p=0.1285** (+) 0.003256138 p=0.6556**
Tsh ΔZn2 (−) 0.000550406 p=0.2451** (−) 0.000284591 p=3.8299E−07**
Tsh ΔZn3 (+) 0.003062254 p=6.4860E−05** (+) 0.003516603 p=0.9398**
Tsh/Tio Zn4 (−) 0.0017417 p=0.0004** (+) 0.003235934 p=0.5694**
Tio FL (+) 0.002564655 p=0.0003** (+) 0.00510712 p=0.0156**
Tio ΔZn1 (+) 0.001585035 p=0.0307* (+) 0.002050515 p=0.0014*
Tio ΔZn2 (−) 0.000262221 p=4.7409E−05* (−) 0.000269899 p=4.4531E−07*
Tio ΔZn3 (+) 0.003741986 p=0.0333* (+) 0.003287827 p=0.0249*
Tio ΔZn4 (+) 0.002406333 p=0.8061* (+) 0.003183437 p=0.0022*
Tc Tsh/Tio (+) 0.002596489 p=0.0001** (+) 0.002865935 p=0.2432**
p=0.9367* p=0.0082*
*compared to Tio FL, **compared to Tsh FL.
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disrupt the binding to Hth as each protein variant was detected after
immunoprecipitation with Hth (Fig. 5, lanes 2–4 and 6–9). Our mock
immunoprecipitations (using a generic IgG) failed to bring down any
of the tagged proteins. We therefore conclude that Hth interacts
with both Tsh and Tio through one of the non-zinc ﬁnger protein seg-
ments. At this point we cannot rule out the possibility that the zinc
ﬁnger domains do not interact with other factors such as Ey and Yki
or whether they primarily interact with DNA target sequences. We
can say with some certainty, however, that Zn2, which appears to
be the most critical zinc ﬁnger domain within Tsh and Tio, contributes
to the activity of both proteins independently of Hth.
Tsh and Tio function through binding to CtBP
Tsh genes in both ﬂies and vertebrates are thought to function as
transcriptional repressors. During embryonic ﬂy development the
loss of tsh results in the ectopic expression of the Hox gene labial
(lab) while over-expression eliminates modulo (mod) transcription
(Alexandre et al., 1996; Roder et al., 1992). In the developing eye,
Tsh is part of a complex that represses the transcription of several
retinal determination genes (Bessa et al., 2002). Additionally, loss
of either tsh or tio is compensated by the ectopic expression of the
other paralog (Bessa et al., 2009). What are the mechanisms by
which Tsh and Tio repress transcription? At least one mechanism
involves physical interactions with C-terminal Binding Protein (CtBP),
a known transcriptional co-repressor (Nibu et al., 1998a,b). DrosophilaFig. 5. Interactions between Tsh, Tio and Hth are not mediated by the zinc ﬁnger domain
through the non-zinc ﬁnger domains. The nuclear lysate rows demonstrate that each prote
proteins are not non-speciﬁcally immunoprecipitated. The last row indicates that Hth was im
that both full-length and zinc ﬁnger deletion Tsh and Tio proteins interact speciﬁcally withTsh and Tio as well as the three murine Tsh homologs all contain a
CtBP interaction motif, which appears to be important for Tsh
dependent repression of target genes during embryogenesis
(Fig. 6A; Laugier et al., 2005; Manfroid et al., 2004; Saller et al.,
2002). For instance, a complex containing Brinker (Brk), Tsh and
CtBP function together to repress Ultrabithorax expression in the
midgut (Saller et al., 2002) while the removal of the CtBP interaction
domain prevents Tsh from repressing embryonic mod expression
(Manfroid et al., 2004).
Since Tio contains a PLDLS motif we set out to determine if Tio can
also form a biochemical complex with CtBP. We performed a yeast
2-hybrid screen in which Tio was used as bait to screen a third instar
library that was enriched with cDNAs from the eye-antennal imaginal
discs. Of the 50 clones that were identiﬁed in the screen 36 of them
corresponded to CtBP (data not shown). We were able to immuno-
precipitate Tsh–CtBP and Tio–CtBP complexes from Kc167 cells
(Fig. 6B lanes 1 and 3) thereby conﬁrming that a portion of their
transcriptional repressive activities is dependent upon CtBP. To
determine if the induction of ectopic eyes and/or the promotion
of cell proliferation is due to Tsh–CtBP and Tio–CtBP repressive
complexes we expressed both TshΔPLDLS and TioΔPLDLS in the
developing antenna via dpp-GAL4. In both cases, the percentage of
ectopic eyes was reduced dramatically. Expression of TshΔPLDLS
induced ectopic eyes in 11.5% (3/26) of screened animals while
ectopic retinas were seen in only 12.8% (5/39) of animals in which
TioΔPLDLS was expressed. The ectopic eyes were very small with
most only containing a handful of ommatidia (data not shown). Its. Western blots demonstrating that interactions between Hth and Tsh and Tio occur
in is made and stable in Kc167 cells. The negative control lanes demonstrate that the
munoprecipitated in each experiment. The second to last row (immunoblot) indicates
Hth.
Fig. 6. CtBP interacts with Tsh and Tio and is expressed in the developing eye. (A) N-terminal sequences of Tsh and Tio. The PLDLS domain is highlighted in red. (B,C) Western blot
and co-IP from S2 cells demonstrating that Tsh binds to CtBP through the PLDLS domain. (D,E) Western blot and co-EP from S2 cells demonstrating that Tio binds to CtBP through
the PLDLS domain. (F–H) Confocal images of wild type third instar eye-antennal disc stained with antibodies directed against Elav (green) and CtBP (purple). The arrow indicates
area of CtBP expression that overlaps with that of Tsh and Tio. Anterior is to the right.
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cell culture (Fig. 6B lanes 2 and 4 whole cell lysate). From these
results we conclude that the PLDLS domain and thus the interaction
with CtBP is required for tissue growth. However, while the PLDLS
domain is important for Tsh and Tio dependent induction of ectopic
eyes, it is not absolutely required since both proteins can induce
ectopic eyes even when the PLDLS domain has been removed.
One possible explanation is that Tsh and Tio may interact with
other transcriptional co-repressors such as Groucho (Gro). Such a
mechanism has been shown to exist for Brk, which can bind to
both CtBP and Gro (Hasson et al., 2001). Similarly, Knirps (Kni) can
repress transcriptional targets in the embryo by non-CtBP dependent
interactions (Keller et al., 2000). Alternatively, CtBP may still be able
to interact with both Tsh and Tio either through a different interaction
motif or through a bridging protein. We have some evidence that this
may be the case: both TshΔPLDLS and TioΔPLDLS protein variants
continue to bind CtBP in cell culture (Fig. 6B lanes 2 and 4). As neither
protein is found with the mock immunoprecipitations (using generic
IgG antibodies) we are conﬁdent that these results are biologically
relevant and are not experimental artifacts. The existence of a bridging
molecule has been suggested to bring CtBP in contact with Giant (Gt:
Nibu and Levine, 2001). And the interactions between CtBP and its
binding partners are not solely dependent upon the possession of a
PXDLS consensus sequences surrounding secondary and tertiary
structures make interactions with CtBP considerably complex (Molloy
et al., 2001). It should be noted that our results conﬂict with those of
Manfroid et al., 2004, which show that the deletion of the PLDLS
motif abrogates binding to Tsh. We attribute the differences between
our results to experimental techniques. Manfroid et al. used an in
vitro GST fusion system while our immunoprecipitations are done in
Kc167 cells. It is possible that a bridging protein is normally present
in Kc167 cells. If that is the case then Tsh and Tio would still interact
with CtBP despite the removal of the PLDLS domain. These types of
proteins would not be expected to be present within the GST fusion
system.
In any event we wanted to determine the expression pattern in
the developing retina and determine what, if any, effect does removal
of CtBP have on eye formation. CtBP appears to be expressed in all
cells within the developing eye-antennal disc. It is enriched ahead
of the morphogenetic furrow (Fig. 6C–E, arrow) where both Tsh and
Tio are normally expressed. We generated CtBP loss-of-function clones
in the retina and demonstrate that dac expression is de-repressed incells that normally express tsh and tio (Fig. 7A–D). Additionally, the
morphogenetic furrow appears to accelerate through CtBP mutant
tissue (Fig. 7E–H). This phenotype is very similar to that seen when
either extramacrochaetae (emc) or ultraspiracle (usp) are removed
(Brown et al., 1995; Zelhof et al., 1997). It is not clear if the advance-
ment of furrow is directly due to the increased levels of Dac protein
or if CtBP directly regulates the Hh and Dpp signaling cascades.
From these results we can however conclude that Tsh and Tio function
as repressors through their interaction with CtBP and that these
complexes play important roles in promoting both normal and ectopic
eye development as well as in inducing tissue proliferation.Discussion
In Drosophila, tsh and tio are paralogous genes that arose from an
ancient duplication event (Shippy et al., 2008). A growing body of
evidence has suggested that these genes play redundant roles in
the developing eye. For example, both genes are expressed in identical
patterns within the developing retina (Bessa et al., 2009; Datta et al.,
2009; Pan and Rubin, 1998). Internal loss-of-function tsh clones
often display no overt phenotype (Pan and Rubin, 1998; Singh et al.,
2002) while null mutants of tio are completely viable with no visible
eye defects (Laugier et al., 2005). Indeed, effects on growth control
are only revealed when both genes are simultaneously removed
(Peng et al., 2009). Furthermore, while Tsh alone has been shown to
directly bind DNA (Alexandre et al., 1996) both proteins are thought
to mutually repress each other's expression and thus are thought to
both be part of transcriptional repressive complexes (Bessa et al.,
2002).
However, while these genes appear to play similar roles in the
developing eye there is evidence to suggest that they do inﬂuence
both eye development and tissue proliferation to varying degrees.
For example, while null Tio mutants have no visible eye phenotype,
dorsal margin clones of tsh are transformed into head cuticle while
ventral margin clones show overgrowth phenotypes (Laugier et al.,
2005; Singh et al., 2002; 2004). Additionally, in forced expression
assays Tio appears to be a more proﬁcient inducer of both ectopic
eyes and cell proliferation (Datta et al., 2009). In this report we have
set out to understand the biochemical mechanisms that underlie func-
tional differences between the zinc ﬁnger transcription factors Tsh
and Tio, to ascertain if any of the zinc ﬁngers mediate interactions
Fig. 7. Loss of CtBP leads to de-repression of dac and an acceleration of the furrow. (A–H) Confocal images of third instar larval eye discs. Visualized molecules are listed at the
bottom right of each panel. (A,D) The arrows indicate areas of dac de-repression within CtBP clones. The arrowheads indicate area of normal dac expression in wild type tissue.
(G,H) The arrows denote the acceleration of the furrow within CtBP clones. The arrowheads denote the normal furrow in wild type tissue. Anterior is to the right.
Fig. 8. A novel internal mechanisms for regulating transcription factor function. (A) A
schematic that summarizes the relative contributions that each Zn makes towards the
processes of retinal development. Note that for Tsh Zn3 counteracts the effects of the
other zinc ﬁngers. Also note that such an internal balancing act does not exist for Tio.
These differences may explain why Tio is a more potent inducer of ectopic eyes than
Tsh. (B) A schematic that summarizes the relative contributions that each Zn
makes towards the processes of cell proliferation. Note that while Zn1 and Zn3
counterbalance the activity of Zn2 within Tsh no such competing mechanism exists
for Tio.
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eye speciﬁcation and cell proliferation.
To investigate the ﬁrst questionwe focused on themajor structural
difference that exists between these two zinc ﬁnger transcription
factors: Tsh contains three such domains while Tio possesses four
motifs and is thus more similar to the mouse and basal insect Tsh/Tio
proteins (Caubit et al., 2000; Fasano et al., 1991; Laugier et al., 2005;
Manfroid et al., 2004; Shippy et al., 2008). We generated a series of
deletion constructs in which individual zinc ﬁngers were removed
from either Tsh or Tio. These constructs were then used in forced
expression assays to assess the relative requirements for each
DNA binding domain in promoting eye development and inducing
tissue proliferation. In a companion experiment we also generated
a chimeric protein in which the fourth (and unique) zinc ﬁnger
from Tio was fused to the full-length Tsh protein. For comparison
the effects that the deletion and chimeric constructs had on ectopic
eye development and tissue growth were measured against the
more ancient Tribolium Tsh/Tio protein. We ﬁnd that in the case of
Tsh, Zn1 and Zn2 are required for both the promotion of eye develop-
ment and tissue growth. Countering the activities of these two
domains is Zn3, which appears to play a role in suppressing both pro-
liferation and differentiation. Our dissection of Tio revealed a similar
mechanism for regulating its activity during eye induction and
retinal differentiation: Zn1, Zn2 and Z4 act to promote retinal
differentiation while Zn3 appears to inhibit this process. To our
knowledge this balancing act represents a novel mechanism for
regulating the activity of a transcription factor (Fig. 8A,B).
We were unable to uncover a mechanism that would account for
the higher proﬁciency in inducing ectopic eyes. Removal of Zn4
from Tio (Tio ΔZn4) or its addition to Tsh (Tsh/Tio Zn4) did not
alter the speciﬁcity with which Tio or Tsh can induce ectopic eyes
nor did manipulations of any other zinc ﬁnger for that matter (data
not shown). That topological difference may reside within the
remaining non-conserved protein segments and may involve interac-
tions with different sets of binding proteins. The data supporting thesecond half of this hypothesis is somewhat mixed. Our previous
efforts to identify binding factors using a genetic screen failed to
yield paralog speciﬁc binding partners (Datta et al., 2009). On
the other hand our yeast two-hybrid screen did identify a number
of potential paralog speciﬁc interacting proteins (data not shown).
Further biochemical studies and in vivo functional assayswill be required
to conﬁrm or reject this line of reasoning.
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provide a mechanistic explanation for the higher proﬁciency of Tio
in inducing tissue proliferation. While Zn1, Zn2 and Zn4 are all
required to promote tissue proliferation, Zn3 appears to effect
neither the location of tissue overgrowths nor the size of the induced
ectopic eye. Without the use of an inhibitory zinc ﬁnger Tio has three
such motifs being used to promote tissue growth while Tsh has only
two such motifs being used for this same purpose (Fig. 8B). We
propose that the use of higher numbers of zinc ﬁngers may allow
for Tio to form more stable protein–nucleic acid complexes that
have longer resident times on genes that directly affect the cell cycle.
It is also possible that each of the zinc ﬁngers has different binding
partners and/or transcriptional binding sites. It was shown that Tsh
and Hth act together, along with Yki and Ey to promote anterior eye
disc proliferation and suppress eye development (Bessa et al., 2002;
Peng et al., 2009). We had hypothesized that Hth might bind to Tsh
and Tio through Zn2 to fulﬁll these functions. However, results from
our immunoprecipitation experiments suggest that the interactions
between Hth and both Tsh and Tio occur through the non-zinc ﬁnger
domains. Additionally, Tsh and Tio may have different targets in the
dorsal and ventral regions of the antenna and this may allow for
increased proliferation. And ﬁnally, each zinc ﬁnger might bind to
distinct binding sites. Genomic and biochemical analyses will be
required to fully investigate these possible mechanistic options.
The tight regulation of RD genes is presumably linked to genetic
and protein interactions, which is then related to gene structure.
Different functional domains of Tsh and Tio are able to affect different
regions of the eye antennal disc when over-expressed. While most
developmental genes are highly pleiotropic, it is especially intriguing
that Tsh and Tio are able to carry out all of their functions with the
same C2H2 zinc ﬁnger domain. We have previously shown that
there is differential selection acting along the lengths of the genes
and that relaxed selection acting on speciﬁc motifs contributes to
changes in function in highly pleiotropic gene (Datta et al., 2011). It
is possible that a coding sub-functionalization event has taken place,
where one domain within Tsh and Tio acts as a repressor and the
other acts as a promoter of eye development. A comparison with the
Pax6 family can be made. Eyg acts as a repressor of eye development,
while Ey promotes eye development. The duplication event giving rise
to Tsh/Tiomay have occurred at the same time as the Pax6/Pa65a split,
allowing for the same amount of time for nucleotide substitution and
sequence evolution. The only difference here is that the division of
function has taken place between genes in the Pax family, while sub-
functionalization may have taken place within a gene itself.
And ﬁnally, the binding of Tsh and Tio to the transcriptional
co-repressor CtBP appears crucial for both proteins as removal of this
domain interferes with the ability of Tsh and Tio to induce ectopic
eyes and promote proliferation (data not shown). Furthermore, the
loss of CtBP expression ahead of the furrow relieves the repression of
dac expression by Tsh (Fig. 7A–D). These results indicate that CtBP is a
member of transcriptional repressive complexes that include Tsh and
Tio and plays a critical role within the retinal determination network.
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